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Antibody-forming cells  (AFC)  arise  by  antigen-stimulated propagation  of  B 
lymphocytes (1, 2). It has been shown that B-memory cells can also be generated in 
this process  (3, 4).  The propagation of  a  single clone of AFC by serial transfer of 
spleen cells in syngeneic mice has been shown to depend on the antigen-dependent 
proliferation of specific memory cells and their subsequent transfer (5-7). 
Studies on the time-course of generation of B memory after primary immunization 
with foreign erythrocytes showed that B memory increased slowly: the major increase 
occurred after the peak of AFC had been reached (8, 9). Interpretation of this result 
in terms of the time-course of memory cell regeneration during clonal expansion is 
potentially misleading. As  with  most  studies  of  antibody formation,  the  results 
stemmed from observations on the behavior of a heterogenous population of different 
clones of AFC. 
In the present experiments we have used a double transfer of a  single clone (S13) 
of anti-DNP AFC to study clonal memory. The results show  that during clonal ex- 
pansion memory cells  arise either  before  or  concomitantly with  the  generation of 
AFC. 
Materials and Methods 
Mice.--CBA/H adult female mice bred in the animal division of the National Institute 
for Medical Research, London, England were used throughout the experiments. 
Antigen.--DNP-Ovalbumin (DNP-OA) was used at a coupling ratio of 4 tool hapten/mol 
protein. 
Isodectric Focusing (IEF).--Thin-layer  polyacrylamide gel IEF of whole anfisera was used 
with development of the focused anfi-DNP antibody by overlay with DNP-lysine-D131IP 
and autoradiography of the gel (10). 
Antigen-binding capacity (ABC).--ABC  was determined by the Farr ammonium sulphate 
precipitation method (11) as modified by Brownstone et al. (12). The antigen used was DNP- 
lysine-D125IP at 10  -s M. 
Cell Tramfer.--Single cell suspensions were prepared by teasing the spleen with forceps 
into Tris-buffered Eagle's medium at 4°C. Cell clumps were dispersed by passage through a 
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series of needles of diminishing  size. After standing for 5 min the superanate was withdrawn 
and centrifuged at 150 g for 10 min at 4°C. The pellet was resuspended in a small volume of 
the same medium and the cells counted in a hemocytometer. For adoptive transfer the cells 
were mixed with antigen (50-100 #g DNP-OA/recipient) and made up to 0.2 ml/mouse for 
intravenous (i.v.) injection or 0.1 ml for intrasplenic (i.s.) injection. 
Recipients were syngeneic mice sublethally irradiated with 660 R from a  ~°Co source 3-6 
h previously, i.v. injection  was into the lateral tail vein. i.s. injection  was carried out by anes- 
thetizing the recipient with ether, making a skin incision, and exposing the spleen through the 
peritoneal wall. A 27 gauge needle was used to inject the cells through the peritoneal wall and 
into the spleen. Mortality for i.s. and i.v. transfers was less than l(W/o. 
Clordng.--Anti-DNP clone S13 was selected in the course of a partial hot antigen suicide 
experiment that will be described elsewhere  (A. J. McMichael and H. N. Willcox, manuscript 
in preparation). It was expanded by transfer from one animal into five irradiated recipients 
by i.s.  injection and then through a  further generation by i.v. injection. At each transfer 
generation, the serum anti-DNP IEF spectrum was found to be identical with that  of  the 
original donor (see Fig. 2). In general it has behaved in a similar fashion to the  anti-DNP 
clone E9 (5, 7). In order to ensure that T cells were not limiting, 2 >( 106 spleen cells from a 
mouse primed against ovalbumin  were added to the inoculum  at each transfer generation. 
Experimental Design.--A  double transfer system was  used starting with a  single  third 
transfer generation S13 donor (Fig.  1). The first transfer was into 20 recipients at 2 X  106 
S13 cells plus 2  >(  106 cells from an ovalbumin-primed donor and 100/~g of DNP-OA  in 
saline. Five mice received no antigen (group 4). Groups of five mice were then killed for the 
second transfer at varying intervals; after 4 days (group 1), 7 days (group  2), and 26  days 
(groups 3 and 4). Because of the variation in spleen size at different times after the first trans- 
fer, the five spleens were pooled and sprit in the following way: 40% of the pool was injected 
i.v. into five recipients comprising group A, 20% i.v. into group B, 10% i.v. into group  C, 
5% i.v. into group D, and 20% i.s. into group E. Each group was also given 20% of a  spleen 
cell suspension from ovalbumin-primed mouse.  DNP-OA (100 #g/recipient) was also mixed 
with the cells  before injection. In one instance, (day 7 donors) there were only four donors 
and in this case groups C and D were omitted. Recipients were bled on days 14, 21, and 29. 
They were given a booster injection with 50 #g DNP4-OA i.p. on day 22. 
RESULTS 
A  successful  transfer  of  clone  S13  is  indicated  by  the  production  of  $13 
antibody in recipient mice (Fig.  2). As shown for other clones (5, 7)  antibody 
production  by  the  transferred  cells  is  absolutely dependent  on  antigen.  All 
fourth generation recipients in group 3 produced S13 antibody by day 10. Two 
out of four of the day 7 donors showed S13 antibody just detectable on IEF. 
No  S13  antibody was present  in the sera of group 1 mice sacrificed  at  day 4. 
A  successful transfer of clone S13 in group  1  and the remainder of group 2  is 
assumed by virtue of the 100 %  take in group 3. 
The assay for memory cell production in the fourth generation recipients is 
the production of S13 antibody in fifth generation recipients. Retransfer at day 
4  (Table I, group  1)  and at  day 26  from  donors  which  received  no  antigen 
(Table I, group 4) showed that there had been no detectable memory cell pro- 
duction in any of these mice. When transfer to the fifth generation is made 7 
days after  the previous transfer there is clearly specific memory for S13  anti- 
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FIG.  I.  Experimental design: Each mouse represents a  group of five recipients, except the 
original donor marked S13. First cell  transfer: A  single third  transfer generation S13 donor 
spleen cell suspension was transferred i.v. to 20 660 R  irradiated syngeneic recipients. Second 
transfer: Spleens from each group were pooled and distributed as indicated to groups of five 
recipients. 
during 7 days is sufficient to give a transfer of clone $13 using 20 % or 40 % of a 
spleen i.v. or 20 % by direct i.s.  cell transfer. By comparison with this day 7 
transfer, the control transfer of clone S13, after 26 days in the fourth genera- 
tion, was only marginally more reliable at any cell dose transferred. In both 
cases the threshold for successful transfer of clone S13 was between 10 % and 
20 % of a donor spleen using the i.v. route. At the threshold, antibody produc- 
tion in each recipient should usually be the result of clonal expansion from a 
single S13 memory cell. The low antibody titers, comparable in magnitude in 
recipients from both group 2 and group 3 donors, are consistent with expec- 
tations (Table II). 
DISCUSSION 
The experiments described here, after propagation of a single clone of AFC 
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FIG, 2.  IEF  spectra of sera from donors and recipients for transfer generation T3, T4, and 
Ts.  Gels  were  developed  with  DNP-lysine-DllSllP  and  autoradiographed.  The  original T, 
donor is arrowed. The  10-day bleed of the T4 20-day donors (group 3)  and the 7-day bleed  of 
the T4 7-day donors (group 2)  are shown. T5 generation recipients of these spleens are shown. 
The  groups are those shown in Fig.  1. 
TABLE  I 
The Incidence of Mice Showing S13 Antibody, as Judged by IEF, per Group of Fize Animals in 
the Second Transfer 
Donor group:  gp 1  gp 2  gp 3  gp 4 
Day of transfer:  4  7  26  26 
(No antigen) 
First bleed  (day 14) 
E* 
A 
B 
C 
D 
0  2  4  0 
0  2  1  0 
0  2  2  0 
0  ND+  +  1  0 
0  ND  o  0 
Second bleed  (7 days per boost) 
E  0  2  4§  0 
A  0  3  I  0 
B  0  2  2  0 
C  0  ND  1  0 
D  0  ND  0  0 
* Group E received 20% of S spleen pool by 
Lv., and group D  5% i.v. 
:~ nd, not done. 
§ Four surviving recipients. 
i.s. injection, group A 40% i.v., group B 20% i.v., group C  10~ MCMICHAEL  AND  W].LLIAMSON  BRIEF  DEFINITIVE  REPORT  1365 
TABLE II 
ABC for Sera Showing $13 Antibody by IEF 
ABC rnM X  10-S/ml 
First bleed: day 14  Second  bleed:  7 days post boost 
Fourth* generation (T4) 
26 day donors:  0.2; 2.0; 3.0; 1.5;  1.9  ND 
Fifth generation (Ts) 
7 day: (group  2) 
E  5.7; 0.8  5.7; 0.6 
A  0.1; 0.1  0.6; 1.4; 0.3 
B  0.8; 0.1  1.9; 0.  I 
Fifth generation (Ts) 
26 day: (group 3) 
E  3.0; 1.9;  1.9; 0.9  1.3; 3.0; 1.8;  1.4 
A  1.3  4.0 
B  1.0; 1.1  1.0; 1.1 
C  1.9  2.4 
* The original  donor was a third transfer generation (T3) animal which showed a titer of 130 mM X 10-8/rnl 
9 days after transfer; antigen was not administered again until transfer to the fourth generation (T4) 3 mo later. 
memory cells during clonal expansion is comparable in rate to the generation of 
AFC. In successive serial transfer of clone $13 it has been clearly shown that, 
in recipients of the clone, memory cells undergo antigen driven amplification 
within 7 days to a  level Sufficient to ensure transfer of the clone to the next 
generation of recipients The efficiency of transfer after 7 days was comparable 
to that found after 26 days in the donor generation. 
Transfer of the clone depends on memory cells and not transfer of antibody- 
secreting cells (5, 7, 13). The effective take of memory cells is very low: it can 
be estimated that less than 1% of the memory cells in the injected population 
are able to function in the recipient. These cells must give rise by division to 
antibody-secreting cells and to more memory- cells. The fact that proliferation 
is  necessary in  the  present  experiments is  shown  by  the  failure  to  recover 
memory by retransfer at day 4 from animals receiving antigen, or at day 26 
from  animals  not  receiving antigen. 
The earlier study  by Cunningham  and  Sercarz (8),  confirmed by Nieder- 
huber and Moller (9), on the development of the primary response by mice to 
foreign erythrocytes led them to the conclusion that B-memory cells are mainly 
accumulated after long exposure to high doses of antigen. This was in contrast 
to T  memory which reached a maximum much earlier. Because those  results 
were based on the study of heterogenous population of clones of B-cells,  in- 
terpretation in terms of the timing of memory cell origin during clonal  expan- 
sion is misleading. In view of our present evidence, we would interpret the late 
increase in B memory at high doses of erythrocytes in terms of the  continued 
recruitment of new precursor cells. This would be favored by high initial  levels 
of antigen since this will ensure persisting antigen after the wave  o~ antibody 
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creased late memory was clearly seen in transfer experiments during the  time- 
course of primary immunization with a hapten-protein conjugate  (14). 
Our results are consistent with the proliferation of memory cells to give two 
populations of cells,  one of which  will  go on  to be AFC  and  another  which 
gives an expanded population of memory cells.  We assume that these are sepa- 
rate  populations  since  there  must  be  a  large population  of  immediate  pre- 
cursors to AFC at day 7 though the precursors are apparently not detected in 
the assay for memory cells on day 7.  Formally the data fit the unequal  cell 
division model for memory cell generation (15). The separation of the memory 
cell and AFC populations may however occur after clonal expansion has pro- 
ceeded through several divisions.  In this model, which is similar to that pro- 
posed for clonal expansion to AFC, the whole population of cells arising by pro- 
liferation of  the original  memory cell would  be functional  as further memory 
cells until  their recruitment  (or transformation) into  the AFC  compartment; 
this compartment may include immediate precursors to AFC. 
SUMMARY 
A  single clone of B  cells producing anti-DNP antibody recognizable by the 
isoelectric-focusing spectrum has been used, in a double transfer system, to study 
clonal memory. Trasnsferable B memory develops between 4 and 7 days after 
the first transfer with antigen. B-memory cells thus proliferate before or con- 
comitantly with antibody-forming cells. 
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